The C1-C8 tetrahydropyran and the C17-C24 dihdropyran segments of ambruticin were prepared from L-arabinose in 11 steps, 7.6% overall yield and from (S)-ethyl lactate in 8 steps, 22.2% overall yield respectively.
Introduction
Ambruticin (1, Fig. 1 ) is a structurally unique carboxylic acid isolated from Polyangium cellulosum var. fulvum which exhibits potent oral antifungal activity against Coccidioides immitis, Histoplasma capsulatum, and Blastomyces dermititidis 1 . Extensive spectral analysis revealed that the structure of 1 consists of a tetrahydropyran ring, a dihydropyran ring, and a divinylcyclopropane ring. More recently the jerangolids A and D (2a, b), isolated from a strain of Sorangium cellulosum (So ce 307), were found to exhibit antifungal activity similar to 1 2 . The structure of 2 from C6-C17 is identical with the C13-C24 segment of ambruticin, and the similar antibiotic spectrum of 1 and 2 suggests that these segments are responsible for their biological activity. More over, the first four genes encoding for the polyketide synthesase for 1 and 2 are >90% identical 3 . The complex array of diverse functionality present in both 1 and 2 has generated considerable synthetic interest 4 , including total syntheses of 1 by the groups of Kende 5 , Jacobsen 6 , Martin 7 , Lee 8 , and Hanessian 9 , and of 2b by Marko 10 and 2a by Hanessian 11 .
Figure 1. Structures of ambruticin (1) and the jerangolides (2a/b).
Our retrosynthetic analysis of 1 dissected the molecule at the C8-C9 and C16-C17 olefins into a cis-tetrahydropyran segment 3 and a cisdihydropyran segment 4 (Fig. 2) . Notably, Just and Potvin confirmed the absolute configuration of ambruticin by preparation of 3 in optically active form, which they could compare to a sample obtained by degradation of 1 4a . Addition syntheses of 3 are reported by the groups of Martin 7 , Lee 8 and Michelet 
Results and Discussion
We envisioned segments 3 and 4 arising via Cglycosylation of an in-situ generated oxonium cation with an appropriate weak carbon nucleophile 13 (Fig.  3) . These reactions are known to generally result in the formation of a trans-2,6-disubstituted tetrahydroor dihydropyran due to the propensity for axial nucleophilic attack on the oxonium cation 14 . We rationalized that the trans-disubstituted products could subsequently be converted into the more thermodynamically stable cis-stereoisomers by epimerization.
Figure 3. C-glycosylation and epimerization to cis-tetrahydro-and cis-dihydro-pyrans.
2,3-Di-O-benzyl-4,5-isopropylidene-l-arabinose 7 was prepared from L-arabinose 5 in 4 steps, 55% overall yield, via the literature procedure 4a . Attempted Wittig olefination of 7 with (methoxymethyl)triphenylphosphonium chloride using NaH/DMSO was unsuccessful and resulted in products which appear to arise from elimination. Alternatively, olefination of 7 with the ylide prepared using lithium diisopropylamine (LDA) proceeded in good yield to give 8 as a nearly equimolar mixture of E-and Z-isomers (Scheme 1).
Scheme 1. Synthesis of the methyl 3,4-bis
Attempted hydrolysis of the enol ether 8 with aqueous acetic acid/p-TsOH gave an enal, due to elimination of a molecule of benzyl alcohol. Alternatively, cleavage of the 5,6-acetonide group of 8 with BBr3 proceeded with cyclization to the methyl glucoside (-)-9.
Ionization of the -methoxy group with BF3•Et2O and subsequent nucleophilic attack with allyl trimethylsilane proceeded to give the tetrahydropyran (-)-10 (Scheme 2).
The trans-stereochemical assignment for 10 was based on its 1 H NMR spectral data. In particular, the signals H-4ax and H-4eq appear at  1.74 and 2.01 ppm with a geminal coupling of 14.0 Hz. However, the absence of a large coupling between H-4ax and H-3 indicates that H-3 occupies an equatorial position. Ozonolysis of 10 in methanol, followed by reductive workup with dimethyl sulfide gave the corresponding aldehyde (-)-11. Notably, use of CH2Cl2 for solvent in this ozonolysis proceeded in poor yields. Aldehyde 11 underwent oxidation to the carboxylic acid slowly under a stream of air; this oxidation was more rapid in diethyl ether/methanol containing a catalytic amount of sodium methoxide. Due to difficulties in purification of the corresponding carboxylic acid, an alternative route utilized pyridinium dichromate in DMF containing 2.5% methanol to afford the ester 12 in high yield, presumably via the hemiacetal. Treatment of 12 with sodium methoxide in methanol/water/toluene proceeded to afford the cis-tetrahydropyran carboxylic acid 13. This product arises via an elimination/addition reaction to equilibrate the less stable 12 to the more stable 3, followed by saponification (Scheme 3).
Diimide mediated coupling of 13 with methanol gave the C1-C8 tetrahydropyran segment (-)-3.
The cisstereochemical assignment for 3 was based on its 1 H NMR spectral data. In particular, the signals H-4ax appears as a quartet (J = 12.5 Hz) at  1.42 ppm. The large magnitude of these couplings are attributed to geminal coupling to H-4eq, as well as trans-diaxial couplings to H-3 and H-5. By this route, the C1-C8 segment (-)-3 was prepared from L-arabinose in 11 steps and 7.6% overall yield. Scheme 2. Synthesis of the C1-C8 segment (-)-3.
Scheme 3. Epimerization of trans-12 to cis-3.
Construction of dihydropyran 4 was envisioned by means of a Lewis acid catalyzed diene-aldehyde cyclocondensation reaction 15 . To this end, 2(S)-benzyloxypropanal (14) was prepared from (S)-ethyl lactate (6) in two steps, 73% overall yield, by the literature procedure 16 . Reaction of 14 with 1-methoxy-2-methyl-3-(trimethylsiloxy)-1,3-butadiene (15) 17 in the presence of BF3•Et2O, followed by work-up with trifluoroacetic acid gave an inseparable mixture of diastereomeric dihydropyrones 16 and 17 in a 1. 
Conclusion
The synthesis of the tetrahydropyran and dihydropyran segments of ambruticin were prepared from chiral pool precursors. The C1-C8 segment, (-)-3, was prepared from L-arabinose in 11 steps, 7.6% overall yield and the C17-C24 segment, (+)-4, was prepared from (S)-ethyl lactate in 8 steps, 22.2% overall yield. In both cases, the synthetic strategy relied on C-glycosylation followed by epimerization to the more stable cis-stereoisomers. the Department of Education (P200A000228), and the Marquette University Graduate School Committee on Research. High resolution mass spectral data were obtained at the Washington University Resource for Mass Spectrometry.
Experimental Section
H and 13 C NMR spectra were recorded at 300 MHz and 75 MHz respectively unless otherwise indicated. High-resolution mass spectra were obtained from the Washington University Resource for Biomedical and Bioorganic mass spectrometry. Tetrahydrofuran was distilled from sodium benzophenone ketyl prior to use. Anhydrous CH2Cl2 and anhydrous DMF were purchased from Aldrich Chemical Company. Reactions were performed in flame-dried glassware under an atmosphere of N2 unless otherwise noted. Compounds 7 4a , 14 16 , and 15 17 were prepared by literature procedures.
2-Deoxy-1-O-methyl-5,6-O-(1-methylethylidene)-3,4-bis-O-(phenylmethyl)-Larabino-hex-1-enitol (8).
To a solution of (methoxymethyl)triphenylphosphonium chloride (1.45 g, 4.24 mmol) in anhydrous THF (10 mL) under nitrogen at -78 °C was added a solution of lithium diisopropylamine (1.5 mL, 2.0 M in benzene/THF, 3.0 mmol). The mixture was stirred for 30 min. A solution of 7 (0.477 g, 1.29 mmol) in anhydrous THF (5 mL), pre-cooled to -78 o C, was added over a period of 10 min. After completion of the addition, the reaction mixture was warmed to room temperature and stirred for 20 min. The reaction mixture was diluted with ice-water, extracted several times with diethyl ether, and the combined extracts were washed with water, followed by brine, dried (MgSO4) and concentrated. The residue was purified by column chromatography (SiO2, hexanes-ethyl acetate = 9:1), to give a mixture of E/Z-isomers 8 ] m/z 437).
Methyl 2-deoxy-3,4-bis-O-(phenylmethyl)--L-arabino-hexopyranoside ((-)-9).
To a solution of 8 (2.52 g, 6.33 mmol) in CH2Cl2 (50 mL) at -78 °C was slowly added a solution of BBr3 (0.65 mL, 1.0 M in CH2Cl2, 0.65 mmol). The color of the reaction solution immediately changed from light yellow to darkness and heat was released when the BBr3 was added. After completion of addition, the reaction solution was gradually warmed to room temperature and stirred for 30 min. The reaction mixture was diluted with diethyl ether and washed with saturated aqueous NaHCO3, followed by water, and brine, dried (MgSO4), and concentrated. The residue was purified by column chromatography (SiO2, hexanes-acetone = 9:1) to give (-) Anhydro-1,2,3,5-tetradeoxy-6,7-bis-O-(phenylmethyl)-L-manno-non-1-enitol ((-)-10) .
4,8-
A solution of 9 (1.01 g, 2.82 mmol) and allyl trimethylsilane (1.00 g, 8.76 mmol) in CH2Cl2 (30 mL) at 0 °C was treated with BF3•Et2O (0.85 mL, 0.98 g, 6.96 mmol).
The color of the reaction mixture changed from light yellow to darkness immediately after adding the Lewis acid. The reaction solution was stirred at 0 °C for 30 min under nitrogen. The mixture was diluted with diethyl ether, followed by slow addition of saturated aqueous NaHCO3. The organic layer was separated and washed with saturated aqueous NaHCO3, followed by water, and brine, dried (MgSO4), and concentrated.
The residue was purified by column chromatography (SiO2, hexanesacetone = 9:1) to give (-) 
3,7-Anhydro-2,4-dideoxy-5,6-bis-O-(phenylmethyl)-L-manno-octose (-)-11.
A solution of 10 (0.552 g, 1.50 mmol) in methanol (10 mL) was cooled to -78 °C in a dry ice/acetone bath. The system was purged with carrier gas (compressed air) for 20 min and then ozone (generated from compressed air with a Welsbach apparatus) was bubbled through the solution until a blue color persisted. The system was purged with carrier gas until the blue color disappeared. Dimethyl sulfide (0.5 mL) and water (0.2 mL) were added to the reaction mixture and this was stirred for 3 h. After concentration in vacuo, the reaction mixture was diluted with diethyl ether and water. The organic layer was separated and washed with water, followed by brine, dried (MgSO4) and concentrated. The residue was purified by column chromatography (SiO2, hexane-acetone = 13:7), to give (-) 
Methyl 3,7-anhydro-2,4-dideoxy-5,6-bis-O-(phenylmethyl)-L-manno-octanoate (12).
To a solution of 11 (0.386 g, 1.04 mmol) in DMF (4 mL) containing methanol (0.1 mL) was added pyridinium dichromate (0.453 g, 1.20 mmol). The mixture was stirred at room temperature for 2 h, and then heated at 50 °C overnight. After cooling, the mixture was diluted with diethyl ether and water. The organic layer was separated and washed with 1 N aqueous HCl, followed by saturated aqueous NaHCO3, water, and brine, dried (MgSO4) and concentrated. The residue was purified by column chromatography (SiO2, hexanes-acetone = 13:7), to give 12 (0.381 g, 91%) as a colorless oil. 
Methyl 3,7-anhydro-2,4-dideoxy-5,6-bis-O-(phenylmethyl)-L-gluco-octanoate ((-)-3).
To a solution of 12 (0.381 g, 0.0953 mmol) in toluene (2 mL) was added 25% methanolic NaOMe (0.2 mL). The color of the reaction mixture changed from colorless to yellow immediately upon addition. The reaction mixture was stirred at 60 °C for 6 h in an open flask. Half of the solvent was evaporated during the reaction and some white precipitate was observed. The reaction mixture was partitioned between ethyl acetate and 1N HCl. The organic layer was separated, and the aqueous layer was extracted several times with ethyl acetate. The combined organic layers were washed with 1N HCl, then water, followed by brine, dried (MgSO4) and concentrated to give 13 as an oil (0.301 g, 82%). This compound was used in the next step without further characterization. To a solution of 13 (0.155 g, 0.040 mmol) in CH2Cl2 (1 mL) at room temperature was added methanol (0.2 mL), ethyl dimethylaminopropyl carbodiimide hydrochloride (0.211 g, 0.11 mmol) and 1-hydroxy-benzotriazole hydrate (0.058 g, 0.043 mmol) and the mixture was stirred overnight. The reaction mixture was diluted with diethyl ether and water, the layers were separated and the aqueous layer was extracted several times with diethyl ether. The combined organic layers were washed with water, followed by brine, dried (MgSO4) and concentrated. 
(2S)-2,3-Dihydro-5-methyl-2-[(1S)-1-(phenylmethoxy)ethyl]-4H-pyran-4-one ((+)-17).
To a solution of 14 (1.27 g, 7.74 mmol) in dry THF (30 mL) at 0 °C was added a freshly prepared ethereal solution of MgBr2 (4.0 mL, 2.2 M, prepared from 1,2-dibromoethane and magnesium turnings). This solution was stirred at 0 °C for 10 min and then a solution of 15 (3.04 g, 15.3 mmol) in dry THF (30 mL) was added. The reaction mixture was slowly warmed to room temperature. After 14 h the reaction mixture was washed with saturated aqueous NaHCO3 and the combined aqueous layers were extracted several times with ether. The combined extracts were dried (MgSO4) and concentrated. The black residue was dissolved in CH2Cl2 (75 mL) and treated with trifluoroacetic acid (4 mL). The reaction mixture was stirred at room temperature in air for 3 h and was then washed with saturated aqueous NaHCO3 and the combined aqueous layers were extracted several times with CH2Cl2. The organic layers were dried (MgSO4), concentrated, and the residue was purified by column chromatography (SiO2, hexanes-ethyl acetate (2S)-2,3-Dihydro-5-methyl-2-[(1S)-1-(phenylmethoxy)ethyl]-4H-pyran-4-one ((+)-17) .
To a solution of 14 (0.932 g, 5.67 mmol) in anhydrous CH2Cl2 (10 mL) at -78 °C was added a solution of BF3•Et2O (1.10 mL, 9.07 mmol) in anhydrous CH2Cl2 (60 mL) was added. After 10 min, a solution of 15 (1.631 g, 8.505 mmol) in anhydrous CH2Cl2 (10 mL) was added. The reaction mixture was slowly allowed to warm to room temperature over 18 h and then worked up with TFA in a fashion similar to the preparation of 17. The residue was purified by column chromatography (SiO2, hexanes-ethyl acetate = 3:1), to afford an inseparable mixture of 16 and 17 (1.6:1) as determined by 1 H NMR spectroscopy. 
(2R,6S)-2-Ethyl-5,6-dihydro-3-methyl-6-[(1S)-1-phenylmethoxy)ethyl]-2H-pyran ((-)-21)
To a solution of 20 (2.691g, 10.85 mmol) in anhydrous CH2Cl2 (210 mL), cooled to -40 °C, was added a solution of triethylaluminum (2.2 mL, 1.0 M in hexanes, 0.037 mol,), followed by BF3•Et2O (1.4 mL, 0.011 mol). The reaction mixture was stirred at -40 o C for 3 h and at 0 °C for 1.5 h and then was quenched with saturated aqueous sodium potassium tartrate solution (100 mL). The biphasic reaction mixture was allowed to warm to room temperature, the layers were separated, and the aqueous layer was extracted several times with CH2Cl2. The organic layers were dried (MgSO4) and concentrated giving the crude material as a 1:8 ratio of cis and trans isomers. Separation of this crude mixture by column 2S,6R)-6-Ethyl-3,6-dihydro-,5-dimethyl-2H-pyran-2-methanol ((-)-22) .
In a two necked flask cooled to -78 °C was condensed ammonia (30 mL). A solution of 21 (1.003 g, 3.858 mmol) in THF (15 mL) was added, followed by the careful slow addition of small pieces of sodium metal until the reaction became and remained blue in color (1.495 g, 6.173 mmol). The reaction mixture was stirred under N2 for 2.5 h. Solid NH4Cl (4.186 g, 78.26 mmol) was then added portion-wise until the reaction mixture became colorless. The cooling bath was removed and the ammonia was slowly allowed to evaporate under N2.
After the ammonia has completely evaporated, THF (20 mL) was added followed by the drop-wise addition of isopropanol (5 mL) and water (50 mL). The layers were separated and the aqueous layer was extracted several times with ethyl acetate. The organic layers were dried (MgSO4), concentrated, and the crude oil was purified by chromatography (SiO2, ethyl acetate-hexanes = 0 → 20% gradient) affording (-) 
1-((2S,6R)-6-Ethyl-3,6-dihydro-5-methyl-2H-pyran-2-yl)ethanone ((-)-23)
To a solution of 22 (1.222 g, 7.188 mmol) in anhydrous DMF (80 mL) was added pyridinium dichromate (13.491 g, 35.880 mmol). The reaction mixture was stirred at room temperature for 18 h and was then partitioned between ether and water. The layers were separated, the aqueous layer was extracted several times with ether, and the combined organic layers were dried (MgSO4) and concentrated. 
1-((2R, 6R)-6-Ethyl-3, 6-dihydro-5-methyl-2H-pyran-2-yl)ethanone ((+)-4)
To a solution of 23 (0.911 g, 5.35 mmol) in benzene (50 mL) was added methanolic potassium carbonate (5 mL). The reaction mixture became bright yellow in color and was stirred at room temperature for 63 h. The reaction mixture was then washed with 1.0 M HCl (2 x 100 mL) and extracted several times with ether. The organic layers were dried (MgSO4) and concentrated affording a mixture of diastereomers 4 and 23 
